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Abstract 


Oxygen reduction on a Sr-doped LaMnO; (LSM) electrode of a solid oxide fuel cell (SOFC) is investigated in the absence and the presence of a 
Fe-Cr alloy interconnect. The results show that oxygen reduction is controlled by a surface exchange reaction that involves dissociative adsorption 
and diffusion of oxygen on the LSM electrode surface, and migration of oxygen ions from the LSM to the yttria stabilized zirconia (YSZ) electrolyte 
lattice at the three-phase boundary (TPB). In the presence of Fe—Cr alloy, the reaction order and activation energy of the surface exchange process 
are similar to those in the absence of Fe—Cr alloy. This indicates that the presence of gaseous chromium species simply reduces the active sites 
for the surface exchange reaction by blocking oxygen vacancy formation on the LSM electrode surface. On the other hand, the Cr.03/(Cr,Mn);04 
solid species deposited on the YSZ electrolyte surface primarily inhibits the migration of oxygen ions into the YSZ electrolyte, as indicated by a 


significant increase in the activation energy of the migration process of the oxygen ions into YSZ electrolyte. 


© 2006 Elsevier B.V. All rights reserved. 
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1. Introduction 


Solid oxide fuel cells (SOFCs) have been extensively inves- 
tigated as new electricity generation technology because of 
their high energy-conversion efficiency and low greenhouse gas 
emissions [1]. Significant progress has been made in lowering 
the operating temperature of SOFCs to 600-800°C through 
significant reduction in electrolyte thickness [2] and the devel- 
opment of new electrode materials [3-5]. A lower operating 
temperature minimizes the interfacial reaction, increases the sta- 
bility and reliability of the cell and widens the range of candidate 
materials for fuel cell components. In particular, a low operating 
temperature enables the use of metallic interconnect materials 
for SOFCs [6-10]. Compared with traditional LaCrO3-based 
ceramic interconnect materials, metals have many advan- 
tages that include high thermal and electrical conductivity, 
negligible ionic conductivity, good machinability, and low 
cost. 
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Chromium-containing alloys, especially chromia-forming 
ferrite stainless steels, are considered to be among the most 
promising candidates due to their electronically conducting 
oxide scale and compatible thermal expansion behaviour with 
other cell components [11]. At high temperatures, however 
volatile Cr species such as CrO3 and Cr(OH)2O2 are gener- 
ated over the oxide scale layer in oxidizing atmospheres [12,13]. 
Numerous studies have shown that without an effective protec- 
tive coating, the gaseous chromium species can cause a seri- 
ous deterioration of the electrocatalytic activity of Sr-doped 
LaMnO3 (LSM) for the O2 reduction reaction [14—20]. There is 
considerable disagreement over the degradation mechanism of 
the chromium species on LSM electrodes for O2 reduction. One 
theory is that deposition of Cr species at the LSM electrode| YSZ 
electrolyte interface is limited by electrochemical reduction of 
gaseous Cr species to solid phase Cr203 in competition with 
O» reduction [14-18]. Based on this hypothesis, the degrada- 
tion of LSM electrode performance is closely related to the 
loss of oxygen activity at the three-phase boundary, TPB, due 
to deposition of the Cr species. Our systematic studies of Cr 
deposition processes on various SOFC cathodes such as LSM, 
(LaSr)(CoFe)O3 and Pt clearly demonstrate that the deposition 
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process of Cr species at a LSM electrode is limited kinetically by 
chemical dissociation of the high valent Cr species [21-23]. The 
deposition reaction at the LSM| YSZ interface is most likely con- 
trolled by the nucleation and grain growth of Cr species, which 
are initiated by manganese species (e.g., Mn**) generated under 
cathodic polarization or at high temperatures. 

The O2 reduction on a LSM electrode is a complex process 
even in the absence of a Fe—Cr alloy [24-27]. The reaction 
is a multi-step process that includes oxygen diffusion within 
the porous electrode, dissociative adsorption of oxygen species, 
oxygen surface diffusion to the TPB region, charger transfer, 
and migration of oxygen ions from the TPB into the YSZ elec- 
trolyte. One or several of these steps may be rate-limiting. The 
exact details of the overall reaction mechanism and kinetics for 
Oz reduction are not clearly understood. Thus, it is of scien- 
tific importance to investigate and compare the O2 reduction 
reaction on a LSM electrode in the presence and the absence of 
Fe-Cr alloy under identical SOFC operating conditions. In this 
paper, O2 reduction reactions on LSM electrodes in the absence 
and presence of a Fe—Cr alloy interconnect have been studied. 
The results clearly identify the role of the gaseous and solid Cr 
species. 


2. Experimental details 


Zirconia electrolyte discs were prepared from 8 mol% Y203 
doped ZrOz powder (YSZ, Tosoh, Japan) by die pressing, fol- 
lowed by sintering at 1500 °C for 4h in air. The thickness and 
diameter of the sintered electrolyte were ~1 and 19 mm, respec- 
tively. A-site nonstoichiometry (Lao.3Sto.2)9¢9MnO3 (LSM) 
powders were synthesized by co-precipitation and calcined at 
1000 °C in air. The LSM cathode coating was applied to a YSZ 
electrolyte by screen-printing and sintered at 1150°C for 2h in 
air. The electrode area was 0.5 cm?. Platinum paste (Ferro Cor- 
poration, USA) was painted on the opposite side of the LSM 
electrode to serve as the counter and reference electrodes. The 
counter electrode was symmetrical to the LSM electrode and 
the reference electrode was painted as a ring around the counter 
electrode. 

A commercial Fe—Cr alloy RA446 (Rolled Alloy Co., 
Canada) was machined into coupons (12 mm x 12mm x 4mm 
in size). Channels (1.2 mm x 1.2mm) were cut on one side of 
each coupon. Air was directed to the channels through an alu- 
mina tube. Two Pt wires were spot-welded to the coupon to 
serve as voltage and current probes, respectively. There was 
no Pt mesh placed between the chromia-forming alloy and the 
electrode coating. Air (industrial grade, H20 content <3 ppm, 
SOXAL) was dried through a molecular sieve before use. The 
air flow rate was 100 mL min™!. The cell configuration and the 
arrangement of the Fe—Cr alloy interconnect have been reported 
elsewhere [23]. For experiments in the absence of Fe—Cr alloy, a 
Pt mesh served as the current-collector for the LSM electrodes. 
A separate and Cr-free sample holder was used in order to avoid 
the Cr contamination. 

The polarization behaviour of LSM electrodes in the absence 
and the presence of Fe—Cr alloy was examined at a constant 
current density of 200 mA cm7? in air at 900°C. The polar- 


ization potential (Ecathode) Was measured against the Pt air 
reference electrode. The current was interrupted from time to 
time to undertaken electrochemical impedance spectroscopy 
(EIS) measurements. A Solartron 1260 frequency response ana- 
lyzer in conjunction with a 1287 electrochemical interface was 
used to perform EIS measurements in the frequency range of 
0.1-100 kHz. The measurements were made at open-circuit and 
under a cathodic dc bias. In the latter case, a continuous cathodic 
current of 200 mA cm7? was passed to the LSM electrode 
by means of an external galvanostatic—potentiostatic genera- 
tor (Hokuto Denko HAB-151). The impedance responses were 
analyzed by the equivalent circuit method. The electrode ohmic 
resistance (Ro) was measured from the high-frequency inter- 
cept and the electrode interface (polarization) resistance (Rg) 
was directly obtained from the difference between the high- and 
low-frequency intercepts on the impedance spectra. The overpo- 
tential (7) was calculated from Ecathode and Ko by the following 
equation. 


Ecathode = N + Jo (1) 


where j is the current density. 

The O» reduction reaction in the absence and presence of a 
Fe-Cr alloy was studied in the temperature range of 900-750 °C 
and at an oxygen partial pressure between 0.01 and 1 atm. In the 
absence of Fe—Cr alloy, LSM electrodes were polarized at 900 °C 
and 200 mA cm7? prior to measurement in order to stabilize the 
electrode. In the presence of Fe—Cr alloy, the EIS measurements 
were conducted on a LSM electrode after polarization at 900 °C 
and 200 mA cm~? for 45h. 

Scanning electron microscopy (SEM, Leica 360) and X-ray 
energy dispersion spectroscopy (EDS, Oxford) were used to 
examine the morphology of the LSM|YSZ interface. In order 
to examine the YSZ electrolyte surface in contact with the LSM 
electrode coating, the LSM electrode was removed by 20% 
HCI acid treatment, followed by washing with de-ionized water. 
Details of the Cr deposition in the LSM| YSZ system have been 
reported previously [21,23]. 


3. Results and discussion 
3.1. Impedance behaviour at open-circuit 


Fig. 1 shows the initial impedance responses of LSM elec- 
trodes as a function of cathodic current passage of 200 mA cm~? 
at 900 °C in the absence and presence of Fe—Cr alloy. The EIS 
was measured at open-circuit. For O2 reduction in the absence of 
a Fe-Cr alloy (Fig. 1(a)), the initial Rg is 2.11 Q cmĉ, and reduces 
significantly with the passage of current. The rapid reduction in 
Rg indicates the significant activation effect of cathodic polariza- 
tion on the electrochemical activity of a freshly prepared LSM 
electrode for Oz reduction [28-30]. The activation effect of the 
cathodic polarization on the initial electrode behaviour of the 
LSM electrode is also observed in the presence of Fe—Cr alloy, 
as shown in Fig. 1(b). In the presence of Fe—Cr alloy, however, 
the decrease in the impedance appears to be slower, as compared 
with that in the absence of Fe—Cr alloy. The reduction in the elec- 
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Fig. 1. Initial impedance responses of LSM electrodes as function of a cathodic 
current passage of 200 mA cm~? in (a) absence and (b) presence of Fe-Cr alloy 
at 900 °C. EIS is measured at open-circuit. 


trode polarization resistance for O2 reduction in the presence of 
Fe-Cr alloy has also been reported by Matsuzaki and Yasuda 
[16]. 

Fig. 2 shows the initial polarization curves of the LSM elec- 
trodes as a function of the passage of a cathodic current of 
200 mA cm~? at 900°C in the absence and presence of Fe-Cr 
alloy. The polarization behaviour is characterized by two dis- 
tinct regions. The polarization behaviour of the LSM electrode 
in the absence of Fe-Cr alloy is very different to that in the 
presence of Fe—Cr alloy. In the absence of Fe—Cr alloy, Ecathode 
decreases rapidly (region I), and these follows a region in which 
the decrease in Ecathode is much slower (region II). The signifi- 
cant decrease of the polarization potential confirms the activation 
effect of cathodic polarization on the LSM electrodes. In the 
presence of Fe—Cr alloy, instead of a rapid decrease, Ecathode 
increases very quickly in region I, but is much slower in the 
following region II. As Rg remains almost constant with the 
passage of current, the increase or decrease in Ecathode is due 
mainly to a change in 7. The significant difference in the change 
of Ecathode in the absence and presence of Fe—Cr alloy indicates 
the strong inhibiting effect of Cr species on O2 reduction. Unlike 
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Fig. 2. Initial polarization curves of LSM electrodes as function of a cathodic 
current passage of 200 mA cm7? in (a) absence and (b) presence of Fe-Cr alloy 
at 900°C. The electrode polarization and ohmic resistances (Rg and Rg) are 
taken from the impedance spectra of Fig. 1. 


the increase in 7, the Rg measured at open-circuit in the presence 
of Fe—Cr alloy does not change significantly with on passing a 
cathodic current. 


3.2. Impedance behaviour under dc bias 


The oxygen reduction reaction was also studied under dc 
bias in the absence and presence of Fe—Cr alloy. Fig. 3 shows 
the initial impedance and polarization potential responses for 
O2 reduction on a LSM electrode in the absence of Fe—Cr 
alloy under a continuous cathodic current of 200 mA cm~? at 
900 °C. The EIS was measured under a dc bias. The impedance 
responses of LSM electrodes are characterized by an overlapped 
and depressed arc and exhibit an inductive loop at low frequen- 
cies. The latter has also been reported for O2 reduction on a 
LSM porous electrode [31] and on a LSM point electrode [32] 
under a dc bias. For the O2 reduction on a LSM electrode in the 
absence of a Fe—Cr alloy, the impedance is reduced significantly 
on passing cathodic current (Fig. 3(a)). The decrease of Rg is 
consistent with the decrease of Ecathode, as Shown in Fig. 3(b). 

The impedance and polarization potential responses of a LSM 
electrode in the presence of Fe—Cr alloy under a continuous 
cathodic current of 200 mA cm~? at 900°C is given in Fig. 4. 
The EIS was measured under a dc bias. The impedance responses 
for O2 reduction in the presence of Fe—Cr alloy are also char- 
acterized by an overlapped and depressed arc. As opposed to 
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Fig. 3. (a) Nyquist plots and (b) polarization potential curves of LSM electrode 
for O2 reduction in absence of Fe—Cr alloy at 900°C as a function of a cathodic 
current passage of 200 mA om". EIS is measured under de bias. 


the behaviour in the absence of Fe—Cr alloy, there are no induc- 
tance loops at low frequencies. In general, both Rg and Ecathode 
increase with cathodic current passage. After a continuous cur- 
rent for about 600 min, the increases in Ecathode and Rg become 
much smaller. The Rg is 3.27 Q cm? after 1200 min, which is 
significantly higher than the initial Rg of 0.68 Q cm?. The equiv- 
alent circuit, which is composed of two (R—Q) circuits in series 
Leg, L Ro(RyQu)(RLQL)), was used for the fitting (Fig. 4(c)). 
In the circuit, L, Q and R denote the inductance, the constant 
phase element and the electrode resistance, respectively. Ro 
is the ohmic resistance between the cathode and the reference 
electrode. Subscripts H and L correspond to the high and low 
frequency arcs. In Fig. 4, the symbols are experimental data and 
the solid lines are the fitting results. The match of the equivalent 
circuit to the experimental data is quite reasonable (Fig. 4(a)). 
Impedance responses measured under the cathodic current 
of 200 mA cm~? and at open-circuit immediately after the inter- 
ruption of the cathodic current passage at 900°C are presented 
in Fig. 5. The LSM electrode was polarized for 3 h in the absence 
of Fe—Cr alloy and for 20h in the presence of Fe—Cr alloy, 
respectively. For O2 reduction in the absence of Fe—Cr alloy, the 
impedance arc increases after the interruption of the cathodic 
current. It is found that Rg changes from 0.35 Q cm? under a de 
bias to 0.72 Q cm? at open-circuit. The inductive loop at low fre- 
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Fig. 4. (a) Nyquist plots and (b) polarization potential curves of LSM electrode 
for Oz reduction in presence of Fe—Cr alloy at 900°C as function of cathodic 
current passage of 200 mA cm~*. EIS is measured under dc bias. The equivalent 
circuit is shown in (c). Symbols are measured data, while lines are fitted results. 


quencies under a dc bias becomes capacitive loop after removal 
of the de bias (Fig. 5(a)). This shows that the inductive loop at 
low frequencies only occurs under bias. This is consistent with 
that reported for O2 reduction on porous and pin-shaped LSM 
electrodes [31,32]. 

By contrast, for O2 reduction in the presence of Fe—Cr alloy, 
the impedance arc decreases significantly after the removal of 
the cathodic polarization. The Rg decreases quickly from 3.38 to 
0.69 Q cm? after interruption of the cathodic current (Fig. 5(b)). 
There is also a significant change in the characteristics of the 
impedance responses before and after the switching off the 
catholic current. The impedance responses at open-circuit in 
the presence of Fe—Cr alloy can be clearly separated at low and 
high frequencies. On the other hand, the impedance responses 
for O reduction in the presence of Fe—Cr alloy measured under 
bias are characterized by a straight line at high frequencies 
(Fig. 5(b)), which indicate a finite-length Warburg impedance 
[33]. When the penetration depth of the concentration perturba- 
tion (A =(2D/qm)) is small in comparison with the width of the 
diffusion layer (ô), the Warburg impedance can be represented 
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Fig. 5. Impedance responses of LSM electrodes for O2 reduction reaction at 
900°C under cathodic polarization of 200 mA cm~? and at open-circuit imme- 
diately after interruption of cathodic polarization in (a) absence and (b) presence 
of Fe—Cr alloy. The LSM electrode was polarized for 3h in absence of Fe—Cr 
alloy, and for 20h in presence of a Fe—Cr alloy, respectively, before the inter- 
ruption of cathodic current. 


by a straight line making an angle of 45° with the real axis, 
and the diffusion occurs in an effectively semi-infinite medium. 
This is most likely due to the deposition of the Cr species at 
the YSZ|electrolyte surface, which slows the rate of the migra- 
tion of the oxygen ions from the three-phase boundary into YSZ 
electrolyte lattice [19]. As shown below for O2 reduction in the 
presence of Fe—Cr alloy, there is a formation of dense Cr deposits 
at the LSM| YSZ interface. For reaction on a porous LSM elec- 
trode in the presence of Fe—Cr alloy, the angle of the straight 
line with the real axis is ~32°, i.e., smaller than 45°. This may 
indicate the complicated diffusion process of oxygen species in 
the presence of solid Cr deposits. 


3.3. Reaction order and activation energy 


The impedance responses of LSM electrodes measured at 
open-circuit and 900°C in the absence and presence of Fe—Cr 
alloy as a function of the partial pressure of oxygen are given 
in Fig. 6. LSM electrodes were polarized for 4 and 45h at 


(a) LSM 


-Z / Q cm? 


1 2 3 4 5 6 
(b) LSM/Fe-Cr alloy 


-Z | Q cm? 


65 7.0 7.5 8.0 
Z, |Q em 


85 90 95 10.0 10.5 


Fig. 6. Impedance curves of LSM electrodes for O2 reduction in (a) absence and 
(b) presence of Fe—Cr alloy as function of oxygen partial pressure at 900°C. 
LSM electrode in presence of Fe-Cr alloy is polarized at 200 mA cm~? for 45h 
before impedance measurement. EIS is measured at open-circuit. 


200 mA cm7? in the absence and presence of Fe-Cr alloy, 
respectively, prior to the EIS measurement at open-circuit. The 
symbols are the experimental data and lines are the fitted results 
based on the equivalent circuit of Fig. 4(c). The size of the 
impedance arcs increase with decrease in the oxygen partial 
pressure and the change occurs primarily at low frequencies. 
Table | gives an example of the impedance parameters evaluated 
by the equivalent circuit for O2 reduction on a LSM electrode in 
the absence and presence of a Fe—Cr alloy in air. The data show 
that, the frequency power (n) for the low- and high-frequency 
arcs varies between 0.65 and 0.85, i.e., significantly below unity. 
This implies that the Q is not a pure capacitance [33]. The rate 
for the electrode processes associated with the low and high 
frequency arcs (RQ) decrease in comparison with those in the 
absence of Fe—Cr alloy. 

Plots of the Po,-dependence of the electrode interface con- 
ductivity of the electrode processes at the high- and low- 
frequency arcs (oy = 1/Ry and oL = 1/R,) are given in Fig. 7 for 
O2 reduction on LSM electrodes in the absence and presence 
of a Fe-Cr alloy at 900°C. The electrode process associated 
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Table 1 


Impedance parameters evaluated from equivalent circuit for O2 reduction on LSM electrode in absence and presence of Fe—Cr alloy at 900°C in air 


Electrode High-frequency arc Low-frequency arc 

Ry (cm?) Ou (Q7! cm~? s”) n RQ (s") Ry (Qem?) QL (Q7! cm~? s”) n RQ (s") 
LSM 0.67 2.5 x 10-3 0.85 1.68 x 1073 0.69 2.6 x 107? 0.60 1.79 x 107? 
LSM/Fe-Cr alloy 0.47 1.5 x 1073 0.72 7.05 x 1074 0.80 8.7 x 10-3 0.75 6.96 x 10-3 


Impedance curves for reaction on LSM/Fe-Cr alloy cell measured under open-circuit after polarization at 200 mA cm~? for 45 h. 


with the high-frequency arc (oy) is independent of Po,. On 
the other hand, the reaction order of the electrode process of 
the low-frequency arc (øL) is 0.58 with respect to Po, in the 
absence of Fe—Cr alloy, and very close to 0.55 in the presence 
of Fe—Cr alloy. The impedance responses were also measured at 
different temperatures and fitted by equivalent-circuit analysis. 
The reaction orders of the low- and high-frequency electrode 
processes are listed in Table 2 with respect to Po, measured at 
different temperatures. The reaction order of oy is independent 
of Po, and temperature, regardless of the absence or presence 
of Fe—Cr alloy. In the absence of Fe—Cr alloy, however, the reac- 
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Fig. 7. Plots of electrode conductivity of electrode processes at high- and low- 
frequency arcs of LSM electrodes in (a) absence and (b) presence of Fe—Cr alloy 
at 900°C. 


tion order of o. with respect to Po, is 0.49+ 0.07 and does 
not change significantly within the temperature range studied. 
This value is close to that reported for LSM electrodes by other 
authors [25,32,34]. Similar behaviour for the reaction order for 
oL in the presence of a Fe—Cr alloy was also observed and the 
reaction order is 0.62 + 0.09, i.e., slightly higher than that in 
the absence of Fe—Cr alloy. This indicates that the presence of 
Fe-Cr alloy does not affect significantly the reaction order of 
the electrode process for O2 reduction on a LSM electrode. 
The activation energy plots of the electrode conductivity of 
high- and low-frequency arcs of LSM electrodes in the absence 
and presence of Fe—Cr alloy in air are shown in Fig. 8. For O2 
reduction on a LSM electrode in the absence of Fe—Cr alloy, 
the activation energy of oy is 142kJ mol~! while that of oy 
is 95kJ mol~!. The activation energy of ~95 kJ mol7! for the 
electrode process at high-frequency is close to that of the conduc- 
tivity of a YSZ electrolyte [35]. For Oz reduction in the presence 
of Fe-Cr alloy, the activation energy of oy is 153kJmol7!, 
i.e., close to that found in the absence of Fe—Cr alloy. On the 
other hand, the activation energy of oy increases significantly 
to 167kJ mol~!. The high activation energy for the electrode 
process associated with the high-frequency arc in the presence 
of Fe—Cr alloy was also found in our earlier study of O2 reduc- 
tion ona LSM electrode/3 mol% Y203—ZrOz electrolyte system 
[19]. This shows that in the presence of Fe—Cr alloy, O2 reduc- 
tion at the high-frequency arc becomes much slower due to the 
deposition of the Cr species on the YSZ electrolyte surface. 


3.4. Microstructure of the LSM electrodes 


Scanning electron micrographs of LSM electrodes in the 
absence of Fe—Cr alloy after a cathodic polarization for 4h and 
in the presence of a Fe-Cr alloy for 20h at 900°C are pre- 
sented in Fig. 9. For the O2 reduction in the absence of Fe—Cr 
alloy, well-defined and granular-shaped particles with clear grain 


Table 2 

Reaction order with respect to oxygen partial pressure for electrode processes at 
high- and low-frequency arcs at different temperatures in absence and presence 
of Fe—Cr alloy interconnect in air 


Temperature (°C) Reaction order, x in PO, 


LSM LSM/Fe-Cr alloy 

oH OL oH OL 
900 0.05 0.58 —0.05 0.55 
850 0.09 0.51 0.15 0.55 
800 0.02 0.45 0.05 0.72 
750 0.10 0.46 0.11 0.68 
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Fig. 8. Activation energy plots of electrode conductivity of high- and high- 
frequency arcs for O2 reduction on LSM electrodes in absence and presence of 
Fe-Cr alloy in air. 


boundaries are observed (Fig. 9(a and c)). The size of the LSM 
grains is in the range of 0.5-1.2 wm. The YSZ electrolyte surface 
in contact with LSM electrode is clear after the LSM electrode 
coating is removed by HCI acid treatment. The convex rings 
formed during the electrode sintering steps are contact areas 
between the LSM grains and the YSZ electrolyte surface [36] 
(Fig. 9(e)). 

After passage of cathodic current at 200 mA em" and 900°C 
for 20h in the presence of Fe—Cr alloy, the surface and bulk 
of the LSM electrode appear clean with no visible Cr depo- 
sition (Fig. 9(b and d)), i.e., similar to that in the absence of 
Fe-Cr alloy. There is, however significant Cr deposition at the 
LSM electrode| YSZ electrolyte interface, as indicated by the 
formation of crystals with well-defined facets (Fig. 9(d)). After 
the acid etching of the LSM electrode coating, the Cr species 
deposits are clearly visible on the YSZ electrolyte surface. The 
space between the LSM grains (indicated by the contact rings) 
on the YSZ electrolyte surface is almost covered by Cr deposits 
(Fig. 9(f)). EDS analysis of the deposits reveals the existence 
of Cr and Mn, which indicates that the crystals are (Cr,.Mn)304 
spinels [23]. Thus, after cathodic polarization at 200 mA cm~? 


Table 3 
Polarization and impedance behaviour for the O2 reduction on LSM electrodes 
in absence and presence of Fe—Cr alloy 


LSM LSM/Fe-Cr alloy 


Ecathode increases with cathodic 
current passage 

Rg at open-circuit decreases with 
polarization time 

Rx at dc bias increases with 
polarization time: Ry < RL 
Kr As bias > RE,OCP 

Ry x P for T=900-750°C 
Ry œ HI for T= 900-750 °C 
Ea Ry = 167kJ mol! 

Ea r, = 153 kJ mol! 


Ecathode decreases with 
cathodic current passage 

Rx at open-circuit decreases 
with polarization time 

Rx at dc bias decreases with 
polarization time: Ry > RL 

Kr Ae bias < RE, OCP 

Ry x P9, for T=900-750°C 

Ri œ PQ.” for T=900-750°C 

Ea, Ry = 95 kJ mol! 

Ea r, = 142 kJ mol! 


and 900°C for 20h, dense Cr deposits are formed at the LSM 
electrode and in the YSZ electrolyte surface region. 


3.5. Effect of Cr species on reaction mechanism 


The polarization and impedance responses for Oz reduction 
in the absence and presence of Fe-Cr alloy measured under 
similar SOFC operating conditions are listed in Table 3. In 
the absence of Fe-Cr alloy, the polarization potential decreases 
significantly with the passage of cathodic current due to the 
activation effect. In the presence of Fe—Cr alloy, however, the 
polarization potential increases very rapidly with cathodic cur- 
rent and such performance deterioration is nearly reproducible at 
the early stage of the reaction (Fig. 2), which indicates the dom- 
inant inhibiting effect of gaseous Cr species on O2 reduction. 

The impedance behaviour of Oz reduction in the absence and 
presence of Fe—Cr alloy indicates that the reaction is broadly 
controlled by two reaction steps namely, a surface exchange step 
and migration (i.e., the diffusion) of the oxygen species from the 
TPB into YSZ electrolyte lattice. This is general consistent with 
common consensus for the mechanism and kinetics of oxygen 
reduction on LSM electrodes [20,24—27,31,32,37]. The reaction 
order of ~0.5 with respect to the Po, for the electrode pro- 
cess associated with low-frequency arc indicates that the surface 
exchange step probably involves atomic oxygen species [38]. 
The high activation energy of o. (~142kJ mol!) shows that 
the diffusion of the atomic oxygen species most likely occurs 
through the surface sites, e.g., the oxygen vacancy sites, on the 
LSM surface because gaseous diffusion through the pores would 
require a much smaller activation energy. Thus, the steps for the 
surface exchange process associated with the low-frequency arc 
in the impedance spectra can be written as: 


5O2(g) + V°%o,rsM > Dia (2) 
Oad, LSM — Oad,LSM(TPB) (3) 
Oad,LSM(TPB) + 2e > OF ies (4) 


where V°°o stands for an oxygen vacancy, and the subscripts 
denote an oxygen vacancy in the LSM electrode lattice or the 
YSZ electrolyte lattice. Oaa, Lsm is an oxygen species that occu- 
pies an active site on the LSM electrode surface. The indepen- 
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Fig. 9. Scaning electron micrographs of LSM electrode after cathodic current passage at 200 mA cm7? and 900°C in the absence of Fe-Cr alloy for 4h (a, c, e) and 
in presence of Fe—Cr alloy for 20h (b, d, f). (a) and (b) surface of LSM electrode; (c) and (d) LSM electrode| YSZ electrolyte interface; (e) and (f) YSZ electrolyte 
surface in contact with LSM electrode. LSM electrode coating removed by HCI acid treatment. 


dence of the reaction order and activation energy of the surface 
exchange step for O2 reduction in the presence of Fe—Cr alloy 
is probably due to the fact that Cr species are not preferentially 
deposited on the LSM surface [22,23]. Thus, the inhibiting effect 
of gaseous Cr species on the surface diffusion process would be 
most effective under polarization. 

It has been shown that under high cathodic polarization 
potentials, oxygen vacancies are generated at the LSM elec- 
trode surface [26,39], and result in delocalization of the reaction 
sites and a significant increase in the surface exchange process 
on the LSM electrode surface. This is supported by the sig- 
nificant reduction in Rg and Ec¢athode for the Oz reduction in 
the absence of Fe—Cr alloy. In the presence of Fe—Cr alloy, 
however, the gaseous Cr species may inhibit the formation of 
oxygen vacancies on the LSM electrode surface under cathodic 
polarization, thus increasing significantly the resistance for the 
surface exchange process of oxygen. This is supported by an 
instantaneous increase in the polarization potential with pas- 


sage of cathodic current and an increase in Rg under dc bias 
(Figs. 2 and 4). As the effect of gaseous Cr species is primarily 
to reduce the active sites on the LSM electrode surface, the reac- 
tion order and activation energy of the electrode process of the 
surface exchange step would be similar to that in the absence of 
Fe-Cr alloy. This is the observation made in the present study. 
The electrode process at the high-frequency arc is charac- 
terized by a zero reaction order with respect to Po, and an 
activation energy of about ~95 kJ mol! for O2 reduction in the 
absence of Fe—Cr alloy on a LSM electrode. The zero reaction 
order suggests that neither atomic oxygen nor molecular oxygen 
are involved in the reaction step. A recent investigation of O2 
reduction on porous LSM electrodes shows that Ry is basically 
independent of dc bias [37]. This indicates that the electrode 
process at the high-frequency arc cannot be associated with a 
charge-transfer process. The similarity in frequency power (n) 
and reaction rate (RQ) of the high- and low-frequency electrode 
processes (Table 1) indicates that the electrode process asso- 
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ciated with the high-frequency arc is also a diffusion process. 
Therefore, the high-frequency arc most likely corresponds to the 
migration and diffusion of oxygen ions from the TPB regions 
into the YSZ lattice, which can be expressed as: 


2— a= ee 
Ur owmep > OYszcrppy + V°*0,LsM (5) 


The activation energy of the above process is ~95 kJ mot. 
i.e., close to that of the ionic conductivity of YSZ electrolyte 
materials [35]. Uchida et al. [40] found that the electrode per- 
formance of LSM electrodes increases with ionic conductivity of 
the zirconia electrolyte in the temperature range of 800-1000 °C. 
Adding a ceria interlayer has also been shown to reduce signifi- 
cantly the interfacial resistance at the LSM cathodes [41]. This 
indicates that the transport of oxygen ions into the electrolyte 
would be promoted by an increase in the ionic conductivity of 
the electrolyte. 

As shown in Fig. 9, dense and thick Cr deposits, i.e., Cr203 
and (Cr,Mn)304 spinels, are formed at the LSM|YSZ inter- 
face after cathodic current passage of 200 mA cm~? for 20h at 
900°C. Thus, the migration and transfer process of oxygen ions 
would have to proceed through a dense and thick Cr species layer 
formed on the YSZ electrolyte surface before entering the YSZ 
electrolyte lattice. Itis well-known that chromium oxide is a very 
poor conductor of oxygen ions. The oxygen self-diffusion coeffi- 
cient in Cr203 single crystals is ~ 107!8 cm? s~! at 1100°C [42] 
and in Cr203 polycrystals is ~107!? cm? s~! at 1100°C [43], 
i.e., significantly lower than 1078 to 1077 cm? s~? at 900°C 
reported for YSZ electrolytes [44,45]. Therefore, the migration 
of oxygen ions into the electrolyte will be dominated by the 
diffusion of oxygen through the solid Cr203 and (Cr,Mn)304 
deposit layer, and will cause a significant increase in electrode 
resistance to the migration of oxygen ions into the YSZ elec- 
trolyte. This is indicated by a marked increase in Ry with the 
passage of cathodic current in comparison with R, (Fig. 4). The 
high activation energy of ~167kJ mol! of Ry in the presence 
of Fe—Cr alloy is most likely associated with the high activation 
energy of ~230kJ mol! for oxygen diffusion in Cr203 [42]. 
Therefore, for O2 reduction in the presence of Fe—Cr alloy where 
a solid Cr deposit layer is formed on the YSZ electrolyte sur- 
face, the oxygen migration process (reaction (5)) will proceed 
according to [19]: 


2— 2— ee 
Ur sm,TPB > 061503 /(Cr,Mn)304,TPB V O,LSM (6) 


2 3= 
06,505 /(Cr,Mn)3 04,TPB OYsz (7) 


where ess ICH Mai TP is an oxygen ion in the 
Cr203/(Cr,Mn)304 oxide lattice or at an interstitial site close 
to the TPB region. 

At low frequencies, an inductive loop under a dc bias moves to 
a capacitive loop at open-circuit for O2 reduction in the absence 
of Fe—Cr alloy (Fig. 5). The fact that there is no inductive loop in 
the presence of Fe—Cr alloy suggests that the inductive loop for 
O2 reduction on a LSM electrode under a dc bias in the absence 
of Fe—Cr alloy is not related to possible ‘crosstalk’ between 
the working and the reference electrodes [46,47]. The induc- 
tive loop under a dc bias has been ascribed [48] to the onset 


of mixed conductivity in the electrolyte due to the direct injec- 
tion of electron holes in the YSZ. Van Hassel et al. [49,50] also 
observed an inductive loop at low frequencies under a bias for 
OU: reduction on a porous gold electrode on YSZ. From detailed 
model analysis the inductive loop was explained in terms of 
two adsorbed species competing for adsorption sites. Such an 
explanation could also apply to O2 reduction on porous LSM 
electrodes under cathodic polarization. 


4. Conclusions 


The effect of Fe—Cr alloy on oxygen reaction taking place 
on a Sr-doped LaMnO3 (LSM) electrode of solid oxide fuel 
cells (SOFCs) has been investigated. The reaction process is 
controlled by a surface exchange reaction that comprises the 
dissociative adsorption and diffusion of oxygen on the LSM 
surface, and the migration of oxygen ions from the three-phase 
boundary (TPB) to the YSZ electrolyte lattice. In the presence 
of a Fe-Cr alloy interconnect, the surface exchange processes 
shows a zero reaction order with respect to oxygen partial pres- 
sure and the activation energy is 153 kJ mol~!, which is similar 
to that of the reaction in the absence of Fe—Cr alloy. This indi- 
cates that gaseous Cr species reduce the number of active sites 
on the LSM electrode surface for the surface-exchange step. The 
deposition of Cr species at the YSZ electrolyte surface physi- 
cally block the migration of oxygen ions from LSM to the YSZ 
electrolyte lattice, which results in a significantly slow electrode 
step associated with a high frequency arc. This is indicated by a 
significantly increased activation energy (~167 kJ mol~'). The 
inhibiting effect of Cr deposits on the overall O2 reduction reac- 
tion becomes increasingly dominant with cathodic polarization 
time. 
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